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Abstract
The demands for wearable technologies will continue to grow and novel approaches for
powering these devices are being enabled by the advent of new electromaterials and novel
fabrication strategies. Herein, a novel approach is reported to develop superelastic wet-spun
hybrid carbon nanotube graphene fibers followed by electrodeposition of polyaniline to achieve
a high-performance fiber-based supercapacitor. It is found that the specific capacitance of
hybrid carbon nanotube (CNT)/graphene fiber is enhanced up to ~39% using a graphene to
CNT fiber ratio of 1:3. Fabrication of spring-like coiled fiber coated with an elastic polymer
shows an extraordinary elasticity capable of 800% strain while affording a specific capacitance
of ~138 F g−1. The elastic rubber coating enabled extreme stretchability and enabling cycles
with up to 500% strain for thousands of cycles with no significant change in its performance.
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Multiple supercapacitors can be easily assembled in series or parallel to meet specific energy
and power needs.

1. Introduction
The study of wearable energy storage devices has been undertaken by researchers around the
world in recent decades in a quest to meet growing demands in the field of biomedical devices
as well as communication and entertainment systems.[1,

2]

Stretchable and bendable

supercapacitors or batteries are two typical energy storage devices used in practical
applications.[3, 4] The composition and structure of materials used are critical in determining
stretchability.[5] Developing intrinsically elastic active materials should enable the realisation
of stretchable supercapacitors or batteries. However, existing active materials utilized in energy
storage suffer from poor elasticity or relatively low electrochemical performance. In previous
studies three major stretchable structures have been proposed: coiled fiber structure,[6-8] wavy
structure[5, 9, 10] and island-bridge structure.[11-13] The active materials applied in these structures
should be easily handled and tough. For use in wavy and island-bridge structures soft materials
are required. Coating, transferring, in-situ deposition or polymerization of active materials onto
a stretchable substrate such as fabric, polymer and paper have been devised for the electrodes
of energy storage and conversion devices; but mostly declaring a low elasticity.[14, 15]
A fiber-based or wire-shaped device can be easily integrated into stretchable yarns or fabrics
to fulfil a more practical demand of wearable energy storage, conversation or transition in our
daily life. The electrochemical property and stretchability both play a vital role in the fiberbased supercapacitors and batteries.[16-18] Carbon nanotubes (CNT) are widely used electrode
materials that possess extraordinary physical and chemical properties, and they have also been
verified to assemble into fiber formation by using solid-state spun or wet-spun techniques.[19]
Fibers formed by pristine CNT have been demonstrated with high electrical conductivity and
2

superior mechanical properties, although the intrinsic electrochemical performances of CNT
fibers are not outstanding enough.[20-23] A possible explanation of this behaviour lies in the
strong interaction between carbon nanotubes, which, while increasing the packing density
inside fibers, does not allow high ion accessibility. To reduce the dense stacking,
CNT/Graphene composites have been proposed and fabricated to increase inner porosity.[24, 25]
On the other hand, coiled structure and elastic polymer fibers have been reported previously as
the most popular approach or material to enhance the stretchability of fibers and films, which
have been incorporated with various active materials such as carbon nanomaterials (e.g.,
nanotubes, graphene), metal oxide nanoparticles and conductive polymers.[6,

15, 26-28]

The

reported coiled fiber supercapacitor only afforded up to a strain of 150% to maintain its
performance,[6] although the capacitance could be achieved as high as 382 mF cm−2.[28]
Coincidentally, the psudocapacitance material, deposited carbon nanotube sheets wrapped
coaxial elastic fiber, demonstrated a high specific capacitance as well as a strain of 400%
without damages to the properties.[27]
In this paper, we explore a novel approach to fabricate nanostructured carbon
nanotube/graphene/ conducting polymer nanocomposite fiber as superelastic fiber-based
supercapacitor. As-prepared wet-spun CNT/Graphene fibers have been used to develop hybrid
CNT/Graphene/conducting polymer (PANi) using electrodeposition. A mandrel coiled
CNT/Graphene/PANi fiber (springlike) was fabricated and coated with PVA/H3PO4 followed
by covering with highly stretchable polymer to achieve a relatively high electrochemical
performance combined with an excellent elasticity of 800% strain. The wire-shaped
supercapacitor affords a practical potential candidate in the energy storage applications of
wearable wrist band, smart watch and finger sensor etc. The hybrid fibers exhibited improved
stretchability and electrochemical properties as compared with the pristine CNT material,
conducting polymer and graphene fibers. The nanocomposite fibers can be used for
3

applications where the electrical conductivity, along with stretchability and excellent
electrochemical properties, are of primary importance.

2. Results and discussions
To develop the superelastic fiber-based supercapacitor, wet-spun pristine CNT and hybrid
CNT/Graphene fibers have been produced via wet-spinning. The thermal exfoliation of
graphene and liquid-crystal of single-walled carbon nanotube were used to prepare the spinning
solution. The fabrication process for the wet-spun hybrid CNT/Graphene fiber is schematically
illustrated in Figure 1. To reduce the layer number in the exfoliated graphene, multi-layer
graphene platelets were used as raw materials and subjected to further exfoliation. Figure 1a
and b present the photographs of graphene platelets before and after treatment, respectively.
As a result of treatment with CSA and H2O2, an immediate dramatic volume expansion of
multi-layers of the graphene could be achieved.[29, 30] After washing and freeze drying, the
sponge-like graphene sheets (Figure 1c) were redispersed in CSA with the assistance of
ultrasonication.[31]
The graphene flakes obtained can form an extraordinary highly concentrated dispersion (20 mg
mL-1) in CSA without any visible aggregation and can be mixed with single-walled carbon
nanotubes as a spinnable liquid-crystal solution, as we previously reported.[19] The continuous
and scalable fiber can be collected by extruding the spinning dope into a coagulation bath with
following wash procedure (Figure 1e-f). The diameter of prepared CNT/Graphene
nanocomposite fiber, which ranged from around 60 μm to 120 μm, can be controlled by using
different gauge of syringe needles from 25G to 22G. The fiber was extremely flexible and
could be easily tied with a knot and twisted as a two-ply yarn, shown in Figure S1.
SEM micrographs of the pristine CNT and CNT/Graphene fibers are shown in Figure 2 (a-f).
As can be seen from the cross-section morphology (Figure 2a-b), the wet-spun pristine CNT
4

fiber presents a smooth cross-section with neat CNT bundles along the fiber. The cross-section
of the as-prepared CNT/graphene fiber (Figure 2c-d) was examined and the morphology was
found to be completely different from the pristine CNT fiber. The graphene sheets are clearly
seen in the cross-section of CNT/Graphene fiber in Figure 2d and form a layer-by-layer
structure with the continuous single-walled carbon nanotubes bundles. The SEM images of the
cross-section of CNT/Graphene fiber in wet-state shows that the as-prepared CNT/Graphene
fiber has a porous structure (Figure 2e, f), this morphology shrunk to form the wrinkled CNT
layer-by-layer structure after drying in an oven.
To evaluate the effect of the graphene ratio on electrochemical performance of the hybrid
CNT/Graphene fiber, the hybrid CNT fiber was prepared with five different ratios of graphene
(from 0 to 50%). The cyclic voltammetry (CV) curves for pristine CNT fiber and hybrid
CNT/Graphene fibers with different ratios of graphene were compared at a 50 mV S-1 scan rate
using a three-electrode system (Figure 2g). With increasing percentage of graphene sheets in
the CNT/Graphene hybrid fiber, the areas of the CV curves are similar from the proportion of
0 to 25% and then significantly enlarged at the percentage of 33.3% with subsequent decrease
at 50%.
As can be seen from Figure 2g, the as-prepared pristine CNT fiber shows a voltammetric
response due to redox reactions underwent by oxygen containing functional groups which were
mainly generated during the nanotubes’ purification step in nitric acid by the manufacturer.[21,
32, 33]

It is notable that the redox peaks become inconspicuous with the decrease in ratio of the

CNT in the hybrid fiber, indicating that the CSA treatment would not introduce oxygen groups
on graphene during the spinning procedure. Furthermore, the electrical conductivity of asprepared hybrid fibers had been evaluated as a function of graphene ratio in the fiber under
laboratory humidity and temperature conditions by an in-house linear four-point probe cell.
As can be seen from Figure 2h, the electrical conductivity of the hybrid CNT/Graphene fiber
5

decreased as a result of increasing graphene ratio. A high-resolution SEM cross-section image
of the pristine CNT fiber (Figure 2 b) shows closely packed CNT bundles, which implies an
effective electron pathway for longitudinal current collection. However, the hybrid
CNT/Graphene fiber (Figure 2 d) shows a porous structure which could affect the electron
pathway and suffer lower electrical conductivity compared with the pristine CNT fiber. To
explain this phenomenon, as previously reported the monolayer graphene sheets have a large
electroactive surface area and excellent electrical properties than multi-layer graphene. The
stacked graphene sheets inside the hybrid fiber accordingly block the existing electronic
channels of CNT fiber and result in the worse electrical conductivity with graphene increasing.
Therefore, to transfer the excellent mechanical and physical properties of individual graphene
to macrostructures for practical application remains a challenge.[34, 35]
On the other hand, the capacitances of the as-prepared fibers were obtained from the CV curves
(Figure 2g) which show that the highest capacitance that can be achieved was ~50 F g−1. This
value is about ~39% higher than the pristine CNT fiber (Supporting information, Figure S2).
Adding graphene sheets up to ~33 % into the hybrid fiber could contribute towards producing
a hybrid fiber with a porous structure that could enhance fast ion diffusion during
electrochemical performance. Interestingly, the amount of graphene flakes added below 33%
cannot separate the CNT bundles to form a porous structure (Supporting information, Figure
S2a, b), and above this value the pores inside the fiber will be blocked by graphene as shown
in Figure S2c, d.
The hybrid CNT/Graphene fiber based supercapacitors had limited capacitances because their
active material was based on CNT and graphene; totally depending on the electrochemical
double-layer capacitance energy storage mechanism. To enhance the capacitance of our fiberbased supercapacitor to make it more practical in applications, pseudocapacitive materials
deposited CNT/Graphene composite fibers, as promising electrodes and skeleton for
6

structuring stretchable and highly performing supercapacitors, were developed. The
combination of carbon nanotubes, graphene and conducting polymer fibers led to the
development of high performance electrodes for supercapacitors and batteries.[36]
Pseudocapacitors based on conducting polymers offer low cost, high specific energy and power,
high conductivity, lightweight and enhanced flexibility over other pseudocapacitive
materials.[37] Consequently, polyaniline (PANi) as an outstanding electrochemical material has
been used to develop pseudocapacitive CNT/Graphene hybrid fibre based supercapacitors.
Hybrid pseudocapacitive fiber based supercapacitor was obtained by electrochemical
polymerization of aniline on the surface and within the porous hybrid CNT/Graphene fibre.
The as-prepared CNT/Graphene hybrid fiber with the graphene ratio of ~33%, being the
optimized hybrid fiber with the highest electrochemical performance, was chosen to obtain
high capacitive CNT/Graphene/PANi hybrid fiber. Because only nanostructured surfaces of
PANi can participate in the electrochemical energy storage reaction, the loading amount of
PANi was controlled by adjusting its deposition time to have a thin shell with reasonable
thickness (~200 nm) to obtain high capacitances and high-rate capability, simultaneously.
Consequently, the impact of the PANi electrodeposition time on the electrochemical properties
of a single fiber has been investigated. The weight of deposited PANi was calculated before
and after electrodeposition using a high-precision balance (Figure S4 the Supporting
Information). SEM images of our novel CNT/graphene/PANi hybrid fiber are shown in Figure
3. The aligned CNT bundles can be observed clearly on the surface of the fiber without
deposition in Figure 3a. After PANi deposition (Figure 3b, c and d), a mesoporous film, which
is morphologically characteristic of conducting polymer,[38] was uniformly formed on the
surface of the hybrid fiber. A high-resolution SEM cross-section image of the core
(CNT/Graphene)-shell (PANi) hybrid fiber is shown in Figure 3e, f with a shell thickness of
over a hundred nanometres (~200 nm). In addition, the redox peaks of PANi are becoming
7

more significant (in Figure 3g) with increasing electrodeposition time, which is due to the
larger amount of PANi involved in the redox reactions. Accordingly, the enclosed cyclic
voltammogram areas increased as the PANi deposition time rose to 5 min and then decreased
with continuous electrodeposition. Meanwhile, specific capacitances of the composites fibers
dropped noticeably after depositing 8 min of PANi (in Figure 3h). This trend could be ascribed
to the excess PANi coated on the outer surface of the hybrid fiber, which could not effectively
contact with the fiber, leading to a slower and less effective ion diffusion.[39] The highest
specific capacitance of ~226 F g−1 at a scan rate of 10 mV s-1 was achieved for the developed
fiber based supercapacitor with 5 min electrodeposition of PANi. Despite the low amount of
PANi, it dominated the charge storage capacity; the area of the CV obtained after PANi
deposition was about 565 % larger than for the hybrid CNT/graphene fiber alone. The high
electrochemically active surface area provided by the hybrid CNT/graphene nanostructure
together with the effective pseudocapacitive decoration of PANi have enabled such high
capacitances to be obtained. It should be noted that the specific capacitances of
CNT/Graphene/PANi hybrid fibers decreased at fast scan rates, especially for the fibers with
more PANi deposition time (5 and 8 min).
To develop superelastic fiber-based supercapacitor (FSC), the as-prepared hybrid
CNT/Graphene fiber with PANi (deposition time was 5 min) was selected as a platform to
create the device. Highly stretchable styrene-(ethylene-butylene)-styrene (SEBS) based
polymer was used to provide the whole device with an outstanding elongation property. The
SEBS rubber itself could be stretched as high as 900% elongation (Supporting information,
Figure S5). The fabrication of the stretchable device is schematically shown in Figure 4. Two
symmetrical CNT/graphene/PANi hybrid fibres based supercapacitor were coated with an
aqueous PVA-H3PO4 gel electrolyte and twisted together to complete the assembly of the solidstate supercapacitors. Then the as-prepared fiber-based supercapacitor was firstly mandrel
8

coiled on a stainless steel rod, followed by casting a thin layer of rubber which was dissolved
in cyclohexane to fix a springlike structure of the supercapacitor. The device was then removed
from the steel rod and mounted in a cylindrical mould to be thoroughly covered with the rubber
solution. The coated polymer could be solidified in air quickly and afforded a good protection
to the device without significantly influencing detrimentally the electrochemical properties of
the device. Theoretically, the spring-structure supercapacitor can be extended to its original
length and the tensile elongation also can be controlled by the diameter and density of the
coiled.[40] As can be seen from Figure 4b the fabricated ultra-stretchable solid-state
supercapacitor had a capability to elongate up to 800%
CV curves (Figure 5a) for the CNT/Graphene/PANi hybrid fiber-based supercapacitor were
measured using scan rates from 10 to 200 mV s-1, to provide the specific capacitances. The
cyclic voltammograms could maintain a rectangular shape at a scan rate of 100 mV s-1 but
showed an unsatisfactory deformation when the scan rate was over 200 mV s-1, indicating a
poor rate property of polyaniline deposited hybrid fiber-based supercapacitor compared with
that of pristine CNT fiber supercapacitor in our previous work. This phenomenon is firstly
ascribed to the formation of graphene sheet inside the fiber. On the one hand, the large stacked
sheets of impermeable graphene can significantly reduce the effective diffusion coefficient. On
the other hand, the graphene inside tend to be parallel to each other to form a sheet-like channel
that hinders the diffusion of the ions in the solid-state electrolyte. Secondly, the ion channels
throughout the porous fiber blocked by thick PANi layer also leading to a slow diffusion of
ions.[41] Effect of static mechanical deformations on the electrochemical performance of the
fabricated hybrid fiber based supercapacitors were evaluated under various strains. The
application of static tensile strains of 0%, 100%, 200%, 300%, 400%, 500%, 600%, 700% and
800% resulted in negligible changes in the CV curves measured at a scan rate of 20 mV s-1
(Figure 5b). As expected, the springlike structure, as well as the introduction of SEBS rubber,
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had no obvious effects on the electrochemical properties of the developed device. Consequently,
the fabricated fiber based supercapacitors afforded retention of specific capacitance of 99.2%
at 800% strain. This value is 413% higher than the capacitance retention of the
CNT/MnO2/rubber coiled fiber which had been reported recently.[42]
The galvanostatic charge–discharge processes (Figure 5c) were carried out at an increasing
current density from 0.2, 0.5, 1, 2, 3, 5 to 8 A g−1. Triangle-shaped galvanostatic chargedischarge curves for various current densities were consistent with the quasi-capacitive
performance of the hybrid fiber based supercapacitor. The ultra-stretchable hybrid fiber
supercapacitors were able to achieve a specific capacitance of 182.6 F g−1 at the current density
of 0.2 A g−1 and maintained 23.8 F g−1 at 8 A g−1. The almost symmetric curves were well
maintained and exhibited indistinctive IR drop, and afforded good Coulombic efficiencies of
95% and 98% at 0.2 A g−1 and 8 A g−1, respectively.[39, 43] Figure 5d shows galvanostatic
charge–discharge profiles with increasing strains to 800%, and the specific capacitances
remained almost unchanged. To investigate the stability of the superelastic fiber-based
supercapacitor, a cyclic charge–discharge characterization was carried out at a current density
of 1 A g−1 (Figure 5e), and the specific capacitances retention was 77.3% after 5,000 cycles
with 800% strain. The results in Figure 5f show the dependence of specific capacitance on
stretch cycle number with increasing tensile strains from 100% to 500%, and the capacitance
was retained after 5,000 stretching cycles.
Electrochemical impedance spectroscopy (EIS) was carried out to study the electrochemical
performance of the stretchable fiber-based supercapacitor with various elongated lengths. The
ohmic resistance of the selected supercapacitor obtained from the x-intercept of the Nyquist
plot in Figure S6 was around 300 Ω, which was higher than that of a pure CNT fiber based
supercapacitor in our previous work. At high frequencies, the resistance can be manifested as
a semi-circle or arc; however, these shapes were not significant in the curves which indicates
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that the contact resistance between deposited PANi and CNT/Graphene fiber surface are
minimal. With the increasing elongation of supercapacitor, the linear slopes of the curves are
changing slightly at low frequencies, indicating a good stability of electrochemical property
under different strains.
These trends are also supported by the Bode plots calculated from EIS data shown in Figure
2. The real and imaginary parts of the gravimetric capacitance can be calculated from the
Nyquist plots by using the equations
𝐶𝑔′

−𝑍 ′′ (𝜔)
=
𝑚𝜔|𝑍(𝜔)|2

𝐶𝑔′′ =

−𝑍 ′ (𝜔)
𝑚𝜔|𝑍(𝜔)|2

where Cg′ and Cg′′ are the real and imaginary parts of gravimetric specific capacitance; Z′ and
Z′′ are the real and imaginary parts of impedance (Z); m is the mass of the fiber electrode; and
ω = 2πf is the radial frequency. It is evident that the gravimetric specific capacitances at
different frequencies for the stretchable supercapacitor almost have no change compared with
the original length device in Figure S7a. For the supercapacitor at the applied strain from 100%
to 800% shown in Figure S7b, the location of feature peak shows the same from that of unstretched supercapacitor with time constant of 6.76 s at 0.148 Hz. All the variations in an
increasing trend with the elongations of the supercapacitor is in a good agreement with CV and
galvanostatic charge-discharge cycling results.
Although the above results show that tensile strains have little effect on capacitance, it is also
important to evaluate how prolonged tensile strain affects the stability of the device when
undergoing dynamic electrochemical performance testing. The application of prolonged (up to
96 hours) tensile strain of 400% resulted in negligible changes in the CV curves measured at a
scan rate of 20 mV s-1 in a two-electrode system (Figure S8). The fabricated supercapacitor
device provided about 78% capacitance retention at 400% tensile strain while the device
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showed a 75% elongation after 4 days’ long-time tensile strain (in Figure S9). Although the
rubber itself exhibits a creep, the device reverts to a 20% length increase of the original length
after one day of free standing, due to the permanent deformation of the spring structure. Stress
relaxation characteristics were measured (illustrated in Figure S10) and revealed a larger drop
of stress can be observed under higher strain, while 100% tensile strain showed a stable stress
after holding for 10 min. In addition, it was found that the 400% and 800% tensile strain
exhibited a linear trend of decrease after about 50 min and 100 min respectively, demonstrating
excellent relaxation resistance. In other words, the stretched supercapacitor can steadily
maintain a force inside to retain shape over a long period of strain. Furthermore, stress-strain
curves were observed on unloading and reloading a fabricated supercapacitor device over an
800% strain range. As can be seen from Figure S11, a linear trend with elastic deformation
from 0 to 500% tensile strain was observed while some hysteresis can be observed for the
tensile strains over 500%. Consequently, the supercapacitor coated with SEBS rubber provides
excellent mechanical properties of a viscoelasticity material[44] which could be developed into
an ultra-stretchable structure for the fabricated hybrid CNT/Graphene/PANi fiber
supercapacitor.
The specific capacitance and stretchability of this device and previous stretchable
supercapacitors are compared in Table 1, and the data is illustrated in Figure 6. The fiber based
supercapacitor exhibits a relatively high specific capacitance based on the mass of a single
electrode with elongation capabilities almost twice that of previous reports.[27] Multiple
supercapacitors can be easily assembled in series or parallel to meet specific energy and power
needs for practical applications (Figure 7a, c). As shown in Figure 7b and d, the potential
output of the cyclic voltammogram is tripled when three individual devices are connected in
series, while the detected current increased by an order of three when three devices are
connected in parallel. In addition, a sealed stretchable supercapacitor with four devices in series
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can be further applied in wearable energy storage, such as a ring or a wrist band (Figure 7e, f,
g). Moreover, the wire-shaped multi-assembled supercapacitor also has a potential to be
integrated in a stretchable textile (Figure 7 h, i). The textile can be integrated with soft and
stretchable silicone material to provide protection from the environment including washing
(Figure 7j, k and l).
3. Conclusion
In summary, a nanostructured CNT/graphene hybrid fiber has been developed with a view to
enhance both the electrochemical and mechanical properties of the wet-spun fiber through a
wet-spinning process. It was found that the specific capacitance of the wet-spun CNT/graphene
fiber could be improved by 39% when the ratio of graphene wet-spun CNT fibers reached ~33%
w/w. The conducting polymer PANi acting as a pseudocapacitive material, was
electrochemically deposited onto the wet-spun CNT/graphene fiber. An ultra-stretchable fiber
based supercapacitor has been developed, which exhibited an extraordinary high elasticity of
over 800% tensile strain with a high specific capacitance of 138 F g−1 at a discharge current
density of 1 A g−1. Excellent capacitance retention of ~106 F g−1 after 5,000 cycles over 800%
elongation cycles was observed. The capacitance decreased to 78% of the original after four
day’s prolonged strain at 400% elongation. The developed superelastic fiber-based
supercapacitor can be easily fabricated into various shapes and widely used in practical
structures including wearable devices.
4. Experimental Section
Fabrication of graphene: The Graphene sheets were prepared as previously reported[29].
Multi-layer Graphene platelets (Cheaptube Co., Ltd, 10-12 layers), Chlorosulfonic acid (CSA,
Sigma Aldrich, 99.9 wt%) and H2O2 (30%, Chem-supply) were used as received without
further purification. 100 mg of graphene platelets were added to 10 mL of CSA solution and
stirred overnight to ensure that CSA was totally intercalated in the space of each layer. Then,
13

6 mL of H2O2 was added to the solution dropwise under stirring. The graphene was harvested
by centrifugation, followed by washing several times with distilled water to remove the excess
acids. After that, the products were freeze-dried under vacuum.
Preparation of pristine CNT fiber and hybrid CNT/Graphene fibers: SWNTs were used as
purchased (Nano-lab, USA), different ratios of SWNTs and graphene were mixed in 1 ml
chlorosulfonic acid by using Thinky ARE-250 mixer for 20 min. The amounts of graphene
contained in the spinning solution was 0%, 11.1%, 16.7%, 25%, 33.3% and 50%. The spinning
dope was transferred into a 5 ml glass syringe with 22G needle then pump extruded into an
acetone bath at a fixed rate of 25 ml/h and the rotating speed was 20 rpm. The prepared wetspun CNT and hybrid CNT/graphene fibers were then washed with distilled water for three
times and dried in an oven at 120 ℃.
Preparation of PANi deposited CNT/Graphene hybrid fibers and electrochemical
performance measurement: The PANI was electrochemically deposited on CNT/Graphene
fibers in an electrolyte of 1M H2SO4 and 0.1 M Aniline monomer (Sigma Aldrich) at a potential
of 0.75V with a three-electrode system (eDAQ, Australia), using Ag/AgCl as the reference
electrode and Pt mesh as the counter electrode. After electrodeposition, the as-prepared fibers
were washed with ethanol and distilled water several times and dried at 70 ℃ in an oven. The
cyclic voltammetry (CV) of the fibers was performed in 1M H2SO4 (CHI 660E, USA) at room
temperature, and galvanostatic charge/discharge tests were measured using a battery test
system (Neware Electronic Co.) from 0 to 0.8V. Electrochemical impedance spectra (EIS,
Gamry EIS 3000 system) were obtained in the frequency range of 100 kHz to 0.01 Hz with an
AC perturbation of 10 mV at open circuit potential.
Fabrication of highly stretchable solid-state supercapacitor: PVA-H3PO4 gel electrolyte
was prepared by mixing 3g PVA (Sigma Aldrich, Mwt 124-186k) with 3g H3PO4 (Sigma
Aldrich) in 30 mL Milli-Q water and stirring at 90℃ until the solution became transparent.
14

Two prepared CNT/Graphene/PANi hybrid fibers were coated with this solid electrolyte
several times and dried for 1 h each time. Then, two PVA-H3PO4 coated fibers were twisted
slightly and each end of the electrode was extended with a stainless-steel wire and finally
coated with PVA-H3PO4 along the twisted part to obtain a solid-state fiber-based
supercapacitor (FSC).
Fabrication of superelastic fiber-based supercapacitor: as-prepared electrolyte (PVAH3PO4) coated hybrid CNT/graphene/PANi fiber was used to fabricate a mandrel coiled fiber.
A springlike structure of the fiber was fixed in a mould and thoroughly coated with rubber
solution, then left in air until the rubber solidified. The rubber solution was prepared by mixing
commercial SEBS rubber 50% (w/w) with cyclohexane (Sigma Aldrich, 99%).
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figures and tables

Figure 1. Schematic illustration of the fabrication of the wet-spun CNT/Graphene hybrid fiber:
the multi-layer graphene platelets, (a) before treatment, (b) after treatment with CSA and H2O2,
(c) washed and dried products by freeze drying, (d) as-prepared CNT/Graphene/CSA liquidcrystal spinning solution, (e) wet-spinning set-up, and (f) as-prepared hybrid CNT/graphene
fiber by extruding spinning solution into acetone as coagulation bath.
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Figure 2. The SEM images of a cross-section of wet-spun pristine CNT fiber at: (a) low and (b)
higher magnification. (c) Cross-section of wet-spun hybrid CNT/Graphene fiber at low and (d)
higher magnification, the ratio of graphene was 33.3%. (e) Cross-section of wet-spun hybrid
CNT/Graphene fiber (wet state) at low and (f) higher magnification. (g) The Cyclic
voltammograms of different ratios of graphene in hybrid fiber at a scan rate of 50 mV s -1 in 1
M H2SO4, and (h) the electrical conductivity and linear resistance of developed fibers as a
function of percentage of the graphene (%wt).
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Figure 3. (a) The surface morphology of as-prepared CNT/Graphene fiber, and the PANi
deposited CNT/Graphene fibers with different electrodeposition time of: (b) 1 min, (c) 5 min,
and (d) 8 min. (e), (f) The SEM images of the cross-section of PANI deposited hybrid fiber
with 8 min deposition time, showing a thickness of deposited layer and the arrays of PANI. (g)
Cyclic voltammograms of different electrodeposition times of PANI at a scan rate of 50 mV s1

from 0 to 0.8 V, (h) capacitances of supercapacitor with different electrodeposition times at a

scan rate ranging from 10 mV s-1 to 500 mV s-1.
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Figure 4. (a) Schematic illustration of the fabrication of a superelastic fiber-based
supercapacitor, in which a yarn like supercapacitor is coiled on a rod and then cast with a thin
layer of SEBS polymer to fix the spring structure, and finally the rod is removed and the device
is placed in a mould to be thoroughly covered with rubber. (b) Illustration of prepared
supercapacitor with different strains up to 800%.
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Figure 5. (a) Cyclic voltammograms of the best CNT/Graphene/PANi hybrid fiber
supercapacitor. (b) Cyclic voltammograms and capacitance retention of the stretchable hybrid
fiber-based supercapacitor with different tensile strains at 20 mV s-1. (c) Galvanostatic chargedischarge curves of a single supercapacitor, and (d) charge-discharge curves of the
22

supercapacitor at different tensile strains under a current density of 0.5 A/g. (e) Capacitance
retention after long cycles charge-discharge at 800% tensile strain. (f) Capacitance retention
with respect to stretch cycle numbers with different tensile strain from 100% to 500%.

Figure 6. Comparison of the specific capacitance and the maximum reversible tensile strain for
present hybrid CNT/Graphene/PANi fiber supercapacitor and previous reported stretchable
supercapacitors.

23

Figure 7. (a) Illustration and (b) CV curves of supercapacitors in series and (c), (d) in parallel.
(e) Demonstration of a sealed stretchable supercapacitor with four devices in series with an
application as (f) a ring or (g) wrist band and (h), (i) it can also be integrated in a stretchable
textile. (j) The textile can be further composited with silicone, which can be (k) stretched and
(l) twisted.
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Table 1. Comparison of this Supercapacitor with previous stretchable supercapacitors in
terms of specific capacitance and stretchability.
Materials

Fabrication methods

Electrochemical performance

Strain properties

Reference

Spring-structure

Electrodeposit PANI onto CNT/Graphene

137.5 F g−1 at 1 A g−1 (10.3 mF

Over 800%

This work

CNT/Graphene/PANI fiber

fiber and wrap the supercapacitor as a

cm-1, 273.7 mF cm−2, 91.2 F

supercapacitor

spring structure, then coat with elastic

cm−3)

polymer

106.3 F g−1 after 5,000 cycles

[6]

with 800% strain
Coiled CNT/MnO2/Polymer

Nylon core coated with CNT/ MnO2 shell,

5.4 mF cm-1,

maximum: 150%

Fiber

coiled structure

40.9 mF cm−2, 3.8 F cm−3

strain

CNT/MnO2 fiber/CNT/PPy

Core- solid-state spun CNT/MnO2 fiber

60.43 mF cm−2 (7.72 F g−1, 9.46 F

20% strain

[8]

film asymmetric supercapacitor

Sheath- CNT/PPy film

cm−3, 19.86 mF cm−1)

With helical structure
CNT/rubber

Wrapping CNT on elastic fiber

18 F g−1

stretching 100%

[15]

Sheath-core CNT/elastic wire

Core-elastic wire

up to 30.7 F g−1

up to 350% strain

[26]

/PEDOT:PSS

Sheath- CNT sheets coated with

Deposited PANI on the CNT sheet coated

111.6 F g−1

over 400% strain

[27]

elastic polymer fiber

79.4 F g−1 after 5,000 cycles with

Up to 30%

[28]

maximum: 100%

[39]

PEDOT:PSS
CNT/elastic polymer /PANI

300% strain
100.8 F g−1 after bending for
5,000 cycles
Superelastic biscrolled yarn

Biscroll MnO2 nanopaticles with CNT

17.7 mF cm-1, 382.2 mF cm−2,

supercapacitor

sheets and then over twist

104.7 F cm−3, 166 F g−1

CNT/rubber fiber/PANI

Electrodeposit PANI onto CNT fiber

255.5 F g–1

strain
−1

−2

100% strain

[45]

Up to 100% strain

[46]

20.1 F g−1

300% strain

[47]

4.63−4.99 mF cm−2

100% strain

[48]

Coaxial CNT fiber

Solid state spun

59 F g , 8.66 mF cm

CNT fiber/ CNT/MnO2 fiber

Solid-state spun CNT fiber coated with

157.53 μF cm-1

asymmetric supercapacitor

MnO2

at 50 mV s-1,

Sheath-core CNT/rubber

Core-rubber
Sheath- CNT sheets

CNT/spandex wire shaped

Pre-straining-then-buckling approach
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Figure S1. As-prepared the CNT/Graphene hybrid fiber can be: (a) tied as a knot or (b) twisted
as a two-ply yarn without any damage to the fibers.
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Figure S2. Cross-section morphologies of CNT/Graphene fiber with different ratios of (a), (b)
1:5, and (c), (d) 1:1, the ratio is defined as graphene to CNT.

Figure S3. Specific capacitances calculated from the CV curves with different percentages of
graphene in CNT/Graphene hybrid fiber.
The specific capacitance of a single electrode in the three-electrode system was calculated
by using the CV curves according to the following equation:
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Cm =

𝐼𝑑𝑡
𝑚𝑑𝑉

where I is the average current during discharge (from Vmax to zero volts) and dV/dt
is the scan rate, m is the mass of the active materials in working electrode. The specific
capacitance of a solid state supercapacitor was calculated from galvanostatic charge-discharge
curves using:
𝐶=

2𝐼∆𝑡
𝑚∆𝑉

where ∆𝑡 (𝑠) is the discharge time, I(A) is the current applied on one electrode, m (g) is the
mass of one electrode in the symmetric supercapacitor, ∆𝑉(𝑉) is the potential window of the
discharging process.

Figure S4. The weight increment of PANi deposited CNT/Graphene hybrid fiber with different
electrodeposition times ranging from 0 to 8 min.
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Figure S5. (a) Commercial SEBS based elastic rubber, which can be easily dissolved in (b)
cyclohexane. (c) The rubber can be stretched as high as 900 %, showing an excellent
stretchability.

Figure S6 Nyquist plots of the stretchable supercapacitor with the length from original to 800%
strain; the inset shows the expanded view of the high frequency range.
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Figure S7 (a) Bode plots of the real gravimetric specific capacitance. (b) Bode plots of
imaginary gravimetric specific capacitance related to the relaxation time constants. Both are
calculated from EIS data for the stretchable supercapacitor with the length from original to 800%
strain.

Figure S8. Cyclic voltammograms of the supercapacitor after 400% prolonged tensile strain
from 24h, 48h, 72h to 96h respectively, at a scan rate of 20 mV s-1 in a two-electrode system.
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Figure S9. Capacitance retention and the elongation of supercapacitor after 400% prolonged
strain from 24h, 48h, 72h to 96h.

Figure S10. Mechanical property of stress relaxation which was tested under constant strain of
100%, 400% and 800%, respectively.
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Figure S11. Stress-strain curves (stretch rate 100 mm/min with 50% strain of each load)
observed on unloading and reloading a stretchable fiber-based supercapacitor over an 800%
strain range after differing initial strains. (Inset: hysteretic stress-strain curves up to 500%
strain.)
Stress relaxation and cyclic loading-unloading tensile test were applied by a tensile testing
instrument (Shimadzu EZ-L, 10 N load cell and 10 N clamps). Stress relaxation was measured
at fixed strains of 100%, 400% and 800%, while the cyclic stretch property was taken under a
constant rate of 100 mm/min with 50% strain of each cycle.

32

